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Enhanced fluorescence is observed from dye molecules interacting with optical nanoantenna arrays. Elliptical gold dimers form individual
nanoantennae with tunable plasmon resonances depending upon the geometry
of the two particles and the size of the gap between them. A fluorescent dye,
Rhodamine 800, is uniformly embedded in a dielectric host that coats the
nanoantennae. The nanoantennae act to enhance the dye absorption. In turn,
emission from the dye drives the plasmon resonance of the antennae; the
nanoantennae act to enhance the fluorescence signal and change the angular
distribution of emission. These effects depend upon the overlap of the plasmon
resonance with the excitation wavelength and the fluorescence emission band. A
decreased fluorescence lifetime is observed along with highly polarized emission
that displays the characteristics of the nanoantenna’s dipole mode. Being able
to engineer the emission of the dye–nanoantenna system is important for future
device applications in both bio-sensing and nanoscale optoelectronic integration.
Abstract.
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Optical nanoantennae are metal nanostructures that can act as transducers for receiving or
transmitting electromagnetic energy at subwavelength, nanoscale dimensions. In many senses,
they are analogous to antennae built for other wavelength scales along the electromagnetic
spectrum [1]. The wavelength-scaling properties of electromagnetism allow the simple dipole
antenna to be scaled to subwavelength dimensions for the visible and near-infrared portion of
the spectrum [2]. When properly engineered, these nanostructures can provide increased light
extraction (or collection) from emitters (or detectors) such as molecules, quantum dots and
wells or any photoactive material. These properties are desirable for applications in biological
and chemical sensing and imaging. Chip-level integration of optoelectronic devices such as
photodetectors and light emitters will benefit from nanoantennae, along with more general
photovoltaic and ambient lighting devices.
Over the past several years, optical nanoantenna systems have become common in the
literature; the focus tends to be on dimer [3]–[28] or single [29]–[40] metal nanoparticle
systems. The antenna properties originate with the ability of metal nanoparticles to support
localized surface plasmon resonances (LSPRs) at optical frequencies [41]. Incident photons
cause the collective oscillation of conduction band electrons in the metal. The fundamental
mode is dipolar in nature and causes electric field enhancement. When two similar particles
are brought into a dimer configuration, the LSPRs can couple together, resulting in a red shift in
the resonance wavelength [5]–[9] and a higher electric field enhancement in the gap between the
particles [10]–[16]. Following the antenna analogy, this gap is often referred to as the feed-gap
of the nanoantenna.
The proliferation of advanced patterning techniques over the past 10 years has led to
many different methods to fabricate highly controlled, dimer-based nanoantenna systems. These
techniques include nano-manipulation with an atomic force microscopy probe, self assembly
and lithography using focused ion beams, electron beams or nanoimprinting. The shapes of
the fabricated particles include spheres, cylinders, ellipses, triangles and rectangles. Once a
sample is prepared, the LSPR and subsequent field enhancement can be studied as a function of
antenna shape, size and feed-gap dimension. Antennae have been studied with either plane wave
illumination or localized emitters exciting and interacting with the LSPR. Localized emitters
have included quantum dots [11, 30, 33, 37], fluorescent dyes [13], [20]–[23], [31], [33]–[35],
[38]–[40], and Raman-active molecules [26, 27]. Optoelectronic device integration has begun
to take advantage of the dimer nanoantenna configuration. In terms of emitters, nanoantennae
have been fabricated on the facet of laser diodes to help localize the emission to a subwavelength
spot [12], whereas in terms of a detection device, a germanium detector has been built that uses
a dimer nanoantenna to help capture radiation [28].
It was realized in the early 1980s [42, 43] that fluorescence enhancement of the molecules
near a metal nanostructure is a result of the modification of the molecule excitation as well as the
radiative and nonradiative decay rates. Both enhancement and quenching of the molecule can
be observed from the same system by varying the distance between a molecule and a spherical
particle [31, 32]. The result of these competing processes depends on several factors, including
the original molecular properties (quantum yield, radiative and nonradiative decay rates). The
result also differs for spheroids of different aspect ratios and for different relative positions
of the plasmon resonance, the excitation wavelength and the emission band. Previous studies
were mostly focused on single particles and to some extent considered isolated particle dimers.
Particle pair arrays, however, are not as thoroughly studied and are the focus of this work.
Theoretical studies [44, 45] show that while the enhancement of the radiative efficiency due to
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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an isolated particle is significant, only modest enhancement can be achieved with an ordered
array. A random assembly holds an advantage over the ordered array [44, 45].
It has been demonstrated recently [23] that Au nanoantenna arrays coated with the
fluorescent dye molecule Rhodamine 800 (Rh800) embedded in a matrix of tetraethoxysilane
(TEOS) induce strong, wavelength-dependent fluorescence enhancement. Such a system was
developed to control the plasmon resonance [14] and potentially can be applied for gainmediated improvements in the quality of the plasmon resonance.
In this paper, fluorescence enhancement of a Rh800/TEOS film via optical nanoantennae is
studied to gain insight into the enhancement origin. The experiments involve fluorescence
lifetime and polarization anisotropy measurements in addition to absorption and fluorescence
spectroscopy. Emission from the excited dye molecules couples with LSPR modes in the nanoantenna. The optical antenna acts to enhance both the excitation and the out-coupling of the
near-field of the emitting molecules to the far-field, and it also acts to change the angular
distribution of the emission. The resulting enhancement of the fluorescence signal observed in
our experiments varies as a function of wavelength for different antenna geometries and ranges
from a factor of 10 to a factor of 70. As the antenna gap is decreased, the enhanced fluorescence
(EF) signal increases. In part, the observed fluorescence enhancement is a result of the enhanced
absorption at the excitation wavelength, giving a factor of about 1.5–1.7 on average over the
dye film volume. A noticeable effect on the directionality of the emission has been observed
by varying the acceptance angle of collection objectives with the same magnification. An
estimate for a hemisphere-averaged enhancement leads to a lower bound for the quantum yield
enhancement of about 2. The quantum yield, Q, for Rh800 in a TEOS matrix is measured to
be about 0.03, which is much lower than the value in ethanol (0.21). The fluorescence lifetime
τ measurements show that the excitation of the dye interacting with the nanoantenna decays at
a rate three times faster than dye away from the nanoantenna. This lifetime decrease is mainly
due to the three-times-higher nonradiative decay rate γnr . Consequently, the radiative decay rate
0r = Q/τ is increased by factor of about 6. The EF is highly polarized along the primary antenna
axis, giving an indication of the primary plasmon mode and the antenna-induced out-coupling
to far-field radiation modes.
Periodic nanoantenna arrays of several different elliptical geometries were fabricated on a
quartz substrate. Spincoating was used to coat the substrate with a photoresist (ZEP520A), and
a 20 nm layer of aluminum was deposited on top of it for conductivity purposes. Nanoantenna
patterns were written using electron beam lithography (JEOL JBX-9300FS). After patterning,
the aluminum layer was removed and the resist was developed. Then, a 40 nm layer of gold was
deposited in a vacuum chamber. Finally, a liftoff technique produced gold ellipses in the desired
pattern on the quartz substrate [14, 23].
Five different antenna geometries in large (150 × 150 µm) arrays are presented herein
with plasmon resonances close to the Rh800 excitation wavelength and emission band. Fieldemission scanning electron microscope (FESEM) images of each geometry are presented in
figure 1(a) along with their measured dimensions (ellipse length, ellipse width, gap, Y period and
X period). Two closely spaced ellipses form one nanoantenna, which are periodically patterned
in the X- and Y-directions.
Far-field transmission and reflection spectroscopy with linearly polarized plane wave
illumination is used as a tool to characterize the LSPR modes. For light polarized along the
primary nanoantenna axis, across the gap (X-direction), a strong resonance is seen in the red
portion of the spectrum (figure 1(c)). Light polarized in the Y-direction shows a much weaker
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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Figure 1. Nanoantenna sample showing five different geometries. (a) FESEM

images of geometries 1, 2, 3, 4 and 5 along with an XY schematic
of the array geometry. Dimensions in nanometers are below each picture
(length/width/gap/Y period/X period). (b) Side view schematic of geometry
before (left) and after (right) coating with a dielectric. (c) Far-field spectra for
the five geometries before coating with a dielectric thin film (left) and after
coating (right); the solid lines represent percent transmission and the dotted lines
represent percent reflection for X-polarized light.
resonance in the green (not shown) [14]. Each geometry shows a distinct resonance due to the
ellipse shape and gap. Geometry one (G1) and two (G2) have similar ellipse shapes, though G1
has a smaller gap that leads to increased plasmon coupling. In the far-field spectra, this increased
coupling is seen via a 20 nm red-shift in the resonance wavelength of G1 compared with G2.
A similar comparison can be made between G3 and G4, with G3 having a smaller gap that
exhibits a 10 nm red-shift in resonance compared with G4.
Given the spectral range of the LSPRs and the predicted red-shift arising from coating the
sample with a dielectric thin film, the fluorescent dye Rh800 was chosen so that the dye emission
overlaps with the shifted LSPRs. TEOS was used as the host dielectric to place Rh800 molecules
around the nanoantennae. A solution of TEOS, ethanol, water and hydrochloric acid (0.1 ml) at
a molar ratio of 1 : 4 : 3 were mixed for 3 h. Then, Rh800 powder was mixed into the solution
for 8 h. Spincoating was used to cover the nanoantenna sample with the dye-doped solution.
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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The sample was then baked at 60 ◦ C for 8 h. Reactive ion etching (Plasmalab) was used to back
etch the dielectric layer to a final thickness of 85 nm. The resultant concentration of Rh800 for
the presented sample is 4.8 mM; this corresponds to ∼2.9 molecules in a 10 × 10 × 10 nm cube
(∼2 × 104 molecules per dimer unit cell for G1/G2 and ∼4.4 × 104 molecules per dimer for G3,
G4 and G5). A schematic of the sample with the dielectric coating is found in figure 1(b) (this
recipe was first introduced in [23]). Far-field broadband spectroscopy for X-polarized light is
shown in figure 1(c). As expected, each antenna array shows a red-shift in resonance due to the
higher dielectric constant of TEOS compared with air. Rh800 has a quantum yield in ethanol
of about 0.21 [46]. A comparative standard method [47] was used to measure Rh800 in TEOS
relative to Rh800 in an ethanol solution placed in a 1 mm cuvette. A quantum yield of about 0.03
was determined, taking into account the ratio of the absorption, fluorescence signal, refractive
index, and the slightly different ratio in the collection volume for absorption and fluorescence.
Figure 2(a) shows the far-field absorption spectra of the five different antenna geometries
covered with TEOS compared with the emission and absorption spectra of Rh800 in TEOS.
The Rh800/TEOS absorption spectrum was measured for a 400 nm film and then recalculated
to the 85 nm case. The scale for the Rh800/TEOS is 30 times lower, meaning that the absorption
maximum at 700 nm is about 1%. The spectral overlap between the plasmon resonances and the
Rh800 absorption and emission varies for each antenna array. Figure 2(b) shows the results of
the far-field photoluminescence measurements performed using a Renishaw inVia spectrometer.
The spectrometer is fiber-coupled to an upright microscope, and the measurements were taken
in a reflection configuration. Unpolarized 633 nm light was used to excite the Rh800 through
an objective lens (50× magnification with a 0.45 NA). This pumping light overlaps with an
absorption peak of Rh800, while its overlap with the nanoantenna absorption varies for each
geometry. The emission of Rh800 also overlaps with and thus excites the primary antenna
resonance. The end result is an EF signal from the antenna geometries. Light is collected with
the same lens used for excitation. A long-pass filter blocks the excitation wavelength, and an
optical fiber carries the fluorescence signal to the spectrometer.
Figure 2(b) shows the EF signal for the five antenna geometries compared with a Rh800
reference fluorescence signal taken on the same sample but away from the antenna arrays.
These measurements were obtained with a weak irradiance (∼90 mW cm−2 ) that is well below
saturation of the dye transitions.
The enhancement factor is plotted in figure 2(c). It varies as a function of wavelength
and is defined as (IEF (λ) − Ib (λ))/(IF (λ) − Ib (λ)) with IEF (λ) being the antenna-EF intensity;
IF (λ) is the reference fluorescence signal and Ib (λ) is the instrument background signal. The
enhancement factors for all five geometries show a dip around 700 nm in the wavelength
dependence. Rh800 in TEOS has a strong absorption peak around this wavelength range (see
figure 2(a)). This dip indicates that the quality of the plasmon resonance at the emission
wavelength is reduced in the absorptive host with enhanced absorption from the dye. This
represents the feedback between the dye and the nanoantennae.
In examining the EF signals in figure 2(b), it is observed that the spectral shape and
intensity are different for each geometry as the dye interacts differently with the distinct plasmon
resonances. The EF can be compared as a function of gap size or ellipse shape. As a function of
antenna gap, G1 should be compared with G2 and G3 with G4. In both of these comparisons,
the antennae with the smaller gaps (G1 and G3) show a higher level of EF compared to the
same ellipse geometries with a larger gap. The smaller antenna gap leads to increased plasmon
coupling in the nanoantenna, a higher localized electric field and thus an increased extinction
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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Figure 2. Enhanced fluorescence spectra. (a) Plasmon resonance spectra of

nanoantennae (absorption) for the five geometries compared with a reference
Rh800 emission spectrum in TEOS and a Rh800 absorption spectrum in TEOS
times 30; the vertical line indicates the excitation wavelength of 633 nm (Y
scale is only for the absorption). (b) Plasmon-EF as a function of wavelength
compared with a reference Rh800 emission spectrum in TEOS. Note: the dip in
the fluorescence spectra at 672 nm is due to a filter in the collection path. (c)
Fluorescence enhancement factor as a function of wavelength. (d) Enhancement
of the absorption in the Rh800/TEOS layer.
rate enhancement factor. The general shape of each EF spectrum can be thought of as a
multiplication of the reference Rh800 emission and the antenna’s LSPR spectrum. In comparing
G1/G2, G3/G4 and G5, three distinct shapes are seen in the EF spectra. This is because
the spectral overlap of Rh800 emission and the plasmon resonances are different for each
geometry.
In order to separate the two contributions to the fluorescence enhancement factor, one
from the excitation rate and the other from emission, numerical simulations of the absorption
enhancement for the dye layer were performed. This was necessary because the dye absorption
is masked by the nanoantennae in the experimental case. The simulation model was tested, and
good agreement for the transmission and reflection spectra has been obtained. The results in
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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figure 2(d) show that the absorption enhancement varies from 1.5 to 1.7 at 633 nm for different
arrays.
The antenna and dye emission coupling can strongly change the angular distribution of
photoluminescence, which can lead to an increase in the amount of light propagating toward
and collected by a detector in the far-field [39]. Measurements to test this possibility were
performed with another objective that has the same magnification (× 50) but an increased
numerical aperture, NA = 0.7 instead of 0.45 as in the previous case. The enhancement factor
for the fluorescence signal is decreased by factor of 1.5 using the new objective, indicating
that the antenna strongly affects the angular distribution of the emission. This observation is
important in understanding the antenna–dye system and will be further discussed below.
We considered the EF in more detail by performing lifetime and polarization experiments
along with intensity distribution simulations. Simulations were used to examine the enhanced
electromagnetic fields around the nanoantenna geometry. They show how the enhanced fields
change as a function of the antenna feed gap. Fluorescence lifetime measurements indicate that
the antenna interactions with the dye reduce the fluorescence lifetime of emitting molecules.
Polarization measurements show that the EF is highly polarized and is characteristic of the
dipolar plasmon mode of the nanoantenna. This result points toward a strong antenna effect
where the antenna helps convert the near-field fluorescence into far-field propagating modes and
thus significantly affects their basic properties. This is in agreement with recent observations for
a single monopole antenna [39].
A commercial package (COMSOL) utilizing the three-dimensional finite element method
in the frequency domain was applied to model the interaction of light with the nanoantenna
arrays. Due to the symmetry of the design, a simulation space containing one quarter of the
paired ellipse geometry was considered with perfectly matched layers at the top and bottom (Zdirection), perfect electrical conductors for the X boundaries and perfect magnetic conductors
for the Y boundaries to emulate a large array. The simulation space was excited via plane
wave illumination from above. A more detailed description of the simulations was reported
in [14].
Electric field intensity mappings were created by sampling the near-field region of the
simulation space excited by X-polarized light. Field mappings are presented for XY and XZ
cross-sections in figures 3(b)–(d) for the ellipse shape of G1/G2 with three different gap sizes
(20 nm, 30 nm and 40 nm). The mappings are averaged (XY in volume and wavelength, XZ in
wavelength) to give some relationship to the effects seen by a fluorophore around the antennae.
The averaging volume is demonstrated in figure 3(a) with a thickness of 90 nm above the substrate; this is similar to the 85 nm TEOS thickness of the real sample. The mappings are
averaged over a 50 nm spectral width around the peak resonance wavelength. Though these
mappings were created without a dielectric coating on top of the substrate, the effects and
trends demonstrated are the same as if there were a dielectric coating in the simulation.
The mappings in figures 3(b)–(d) show the dipolar nature of the plasmon mode, with the
highest electric field intensities at the ends of each ellipse. As the distance between the two
ellipses decreases, the field intensity inside the gap increases along with the average intensity
over the volume containing the dye.
In correlation with the enhanced electromagnetic fields afforded by the nanoantenna, the
interactions between the localized emitters and the gold nanoantennae lead to a reduction
in the excited state lifetime for the fluorophore. Fluorescence lifetime imaging microscopy
(FLIM) was used to measure the fluorescence decay times of the presented nanoantenna
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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Figure 3. Electric field intensity maps from finite-element calculations for

G1/G2 with various antenna gaps before coating with the dielectric film. (a)
Schematic showing top and side views of a unit cell, the shaded area represents
the volume where the dye would be. (b)–(d) XY mappings (top, corresponding
to color bar scaled by a factor of 4) and XZ mappings (bottom, corresponding to
color bar without scaling). (b) 20 nm gap; top view (XY) is averaged over 50 nm
in spectral width and 90 nm above the substrate, the blue ovals mark the position
of the ellipses; side view (XZ through the gap) is averaged over 50 nm in spectral
width and shown for 90 nm above the substrate. (c) Same as (b) but with a 30 nm
gap. (d) Same as (b) but with a 40 nm gap.
samples. FLIM measurements were performed using a confocal, time-resolved microscope
on an inverted platform (MicroTime 200, PicoQuant GmbH [48]). A pulsed (<90 ps) 635 nm
diode laser operating at 40 MHz was used to excite the sample through an objective lens (100×
magnification, 0.75 NA). Light was collected through the same objective lens and an avalanche
photodiode counted the photons in the fluorescence signal. Fluorescence intensity was measured
as a function of time while the sample was raster scanned through the laser spot.
A characteristic lifetime measurement of an isolated nanoantenna (G4) is illustrated
in figure 4. This single nanoantenna is ∼3.5 µm away from its nearest neighbor (diagonal
direction). Figure 4(a) shows the fluorescence intensity as a function of position around the
isolated antenna. Two regions are identified, an EF region coming from the antenna (∼500 nm
in diameter) and a reference region outside the EF region. The EF intensity is approximately
three times greater than that of the reference region.
Two lifetime fittings were performed, the first one separately fitted each pixel in the
measurement (figures 4(b) and (c)) while the second fitting (figure 4(d)) was cumulative and
was used to fit the EF and reference regions separately. Figure 4(b) shows a mapping of the
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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Figure 4. Fluorescence lifetime measurements on an isolated single nanoantenna

(G4). (a) Fluorescence intensity around an isolated antenna; the solid ovals
estimate the position of the nanoantenna particles, and the dotted circle is
the boundary between EF and reference regions used in part (d). (b) Average
fluorescence lifetime map (in ns) around an isolated antenna. (c) Fluorescence
lifetime histogram corresponding to (b). (d) Normalized fluorescence decay
comparing Rh800 interacting with the antenna to Rh800 away from an antenna
(semilog). The reference signal, away from the antenna, is fitted with a single
exponential decay (L1 = 1.4 ns) while the region interacting with the antenna is
fitted with a double exponential decay (L1 = 1.5 ns and L2 = 0.5 ns).
average fluorescence lifetime for each pixel in the image. The region corresponding to the
increased fluorescence signal in figure 4(a) shows a lower average lifetime than the region with
background fluorescence. A histogram of the individually fitted lifetimes is plotted in figure 4(c)
and shows a bimodal distribution; there is one peak at a shorter lifetime corresponding to
interactions with the gold nanoantenna and a second peak corresponding to the adjacent regions
with background fluorescence.
For the second, cumulative lifetime fitting, the measurement is divided into two regions:
the EF region inside the dotted line of figure 4(a) and the reference (ref) region outside the
dotted line. Fluorescence intensity is plotted as a function of time (semilog) for both regions
in figure 4(d). The fluorescence interacting with the nanoantenna shows a decreased lifetime
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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compared with the reference signal. The reference signal is fitted with a single exponential
decay (a lifetime of 1.4 ns) while the EF signal requires a double exponential decay to give a
reasonable fit (L1 = 1.5 ns and L2 = 0.5 ns).
The lifetime values of the double exponential fit indicate that some of the dye interacts
with the nanoantenna, leading to a reduced lifetime, whereas another portion of the dye does
not interact much with the nanoantenna and decays at roughly the same rate as the reference
fluorescence. The antenna interactions result in a 3-fold increase in the decay rate. Fluorescence
lifetime measurements were also performed on G4 in a regularly packed array (figure 1(d)).
The decay statistics for the arrayed geometry were similar to the isolated antenna. The other four
antenna geometries exhibit a similar double exponential decay that is faster than the reference
Rh800 in TEOS. The shortened excited state lifetime provides less opportunity for the molecules
to photobleach, and thus the photostability of the system is increased [22, 49].
The polarization of the EF is measured in a transmission configuration to separate the
polarization of the excitation source and the fluorescence signal. Fiber-coupled light from
a HeNe laser illuminated the sample through the quartz substrate with linearly polarized
633 nm light through an inverted microscope with an objective lens (10× magnification,
0.25 NA). An upright microscope collected transmitted light though a second objective lens
(20× magnification, 0.4 NA). The collected light passed through a 650 nm long-pass filter and
a polarization analyzer and was measured in a spectrometer (Renishaw, inVia) (see figure 5(a)).
A series of 25 spectra were collected, corresponding to a 360◦ rotation of the polarization
analyzer. Measurements are presented comparing G2, G4 and G5 along with a reference taken
away from the antenna arrays.
The enhancement and spectral shape of the fluorescence signal show a strong correlation
with polarization. For light polarized along the primary antenna axis (X-direction, figure 5(b)),
the fluorescence shows significant enhancement compared with the reference signal; each
geometry shows distinct EF spectra based upon the LSPR mode which are similar to those
in figure 2(b) (the long-pass filter used for figure 5 is different than that used for figure 2, so
the features are a little different, especially for wavelengths below 700 nm). For Y-polarized
light (figure 5(c)), we see that the shapes of the emission spectra from the different antenna
geometries are similar to each other as well as to the reference spectrum of Rh800 away from
any antenna interactions. This similarity in spectral shape, along with the weak enhancement
factor, indicates that there is not much interaction between the antenna’s primary LSPR mode
and Rh800 for Y-polarized light. The fact that there is an enhancement for Y-polarized light
but no change in the spectral shape compared with the reference signal points toward an
enhancement of the local intensity of the excitation light (633 nm) by the nanoantenna arrays and
thus an enhancement in absorption by the Rh800 dye. For Y-polarized light, the enhancement
factors for G2, G4 and G5 are 6.0, 3.3 and 3.6, respectively. Qualitatively, and with reference
to figure 2(d), this makes sense—the absorption enhancement at the excitation wavelength
(633 nm) with the LSPR of G2 is greater than that of G4 and G5.
The mean intensity value (I (Pθ )) for each polarization position is calculated by averaging
over the fluorescence spectrum. This is plotted as a function of polarization angle in figure 5(d)
for the four measurement sets. The fluorescence from a reference region on the sample shows a
slight polarization in the X-direction. Compared with the reference emission, the nanoantennainfluenced emission is highly polarized. The polarization ratio I (P180 )/I (P90 ) for G2, G4 and
G5 is calculated to be 6.5, 8.5 and 4.3, respectively, whereas the reference shows a ratio of
only 1.2. The wavelength-averaged enhancement factor is calculated as (IEF − Ib )/(IF − Ib ),
New Journal of Physics 10 (2008) 125022 (http://www.njp.org/)
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Figure 5. Polarization of fluorescence emission. (a) Measurement schematic.

(b) Fluorescence spectra for X-polarized light corresponding to complete
measurement shown in (d). (c) Same as (b) but for Y-polarized light. (d) Polar
plot of enhanced emission compared with fluorescence emission away from the
nanoantennae (wavelength integrated over emission range). (e) Polar plot of
enhancement factor for the measurements shown in (d). (f) Similar measurement
to (d) but for a different polarization of the excitation light.
where IEF is the EF signal, IF is the reference fluorescence signal and Ib is the instrumentation
background signal. This is plotted in figure 5(e) and shows the same polarization tendencies
as the EF. The fluorescence intensity of the last measurement point is slightly lower than the
first measurement point due to photobleaching (figure 5(d)), but this effect disappears when
the data are normalized to the enhancement factor (figure 5(e)). Another set of measurements
were taken with the reference fluorescence exhibiting a polarization angle of approximately 60◦ .
A polar plot of the averaged fluorescence is shown in figure 5(f), where the reference
polarization is compared with the enhanced emission polarization. The EF signal redirects
the polarization of the initial signal toward the primary antenna axis. G2 and G4 show higher
fluorescence enhancement and rotate the fluorescence polarization more than G5, which has a
weaker interaction with the dye. The redirection and polarization-selective enhancement of the
fluorescence polarization is indicative of the plasmon mode of the antenna system and shows
the nanoantenna’s ability to control the emission of the dye placed around the nanoantenna.
The polarization dependence of the enhanced emission has been discussed previously for both
dimer [13, 25] and single [36]–[39] particle antenna systems. These drastic changes in emission
polarization point toward the system’s overall antenna-like nature in radiating near-field energy
out into the far-field [50]–[52].
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Figure 6. Enhancement map of the Rh800/TEOS layer absorption for G1 array

at 630 nm; a cross section is taken 20 nm above the substrate (a quarter of the
unit is shown due to symmetry). Arrows represent electric field vectors in log
scale.
When a sample is illuminated with polarized light, those molecules with absorption
transitions aligned parallel to the electric field have the highest probability of excitation. The
probability of absorption is proportional to cos2 θ , where θ is the angle between the absorption
dipole and the polarization. Hence, excitation with polarized light results in a population of
excited molecules that are partially oriented along the light polarization axis. If the absorption
and emission dipoles are collinear, the intensity of the emission polarized perpendicular to the
excitation polarization is 1/3 that of the intensity for the parallel polarization [47]. This ratio
can be affected by the angle between the absorption and emission dipoles. In the presence of the
anisotropic antenna, there are two mechanisms for changes in the anisotropy of the fluorescence
polarization. The first mechanism is illustrated in figure 6, which shows the distribution of the
absorption enhancement for the Rh800/TEOS layer in the G1 array. One can see that the highest
density of emitters with a preferential polarization parallel to the polarization of the excitation
light (along the long axis here) occurs in the gap. Not only will these emitters be the most
efficient in exciting the plasmon modes of the antenna, but they will also provide an additional
factor for polarization anisotropy in the out-coupling of the fluorescence.
The out-coupled emission beam is formed by both direct dye emission and scattered
emission via excited plasmon modes. The angular distribution of the emission can be
directional [53, 54]. A manifestation of this directionality has been observed in our experiments.
The enhancement ratio for two 50× objectives with NA = 0.45 and NA = 0.7 is about 1.5
for the G2 sample. Taking into account that the spectrally averaged enhancement for the first
objective with an acceptance angle of θ1 = 27◦ is K 1 = 30, the enhancement ratio 1.5 indicates
that for the second objective (θ2 = 44◦ ) the enhancement is K 2 = 20. One can estimate an
average enhancement for a hemisphere assuming the emission intensity per solid angle is
uniform for the dye/TEOS layer and has a smooth angular dependence for emission with
the nanoantennae array. Note that only emission in the solid angle determined by the total
internal reflection angle can go outside the dielectric layer. This means that the averaging
over the hemisphere should be made inside the layer to take into account the entire emission.
The acceptance angles for our objectives correspond to β1 = 18◦ and β2 = 29◦ inside the layer
with a TEOS refractive index of 1.45. The first objective collects emission from a solid angle
of about α1 = 2π(1 − cos β1 ) = 0.3, and the second from a solid angle of α2 = 0.8 inside the
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Figure 7. Fluorescence enhancement per unit solid angle versus objective

acceptance solid angle inside the Rh800/TEOS layer. Blue—implies the
assumption of an enhancement of about 1 at the larger solid angles. Red—using
the assumption of zero enhancement at the larger solid angles.
layer. A simple proportion, K 1 α1 + K 12 (α2 − α1 ) = K 2 α2 then leads to the enhancement factor
K 12 = K 1 /2.3 in the solid angle α2 − α1 . This dependence of the enhancement per unit solid
angle versus solid angle is plotted in figure 7. The first two points in the figure are experimental,
whereas all others are approximated implying a smooth dependence going to 1 (when there is no
enhancement, upper plot) or to 0 (when everything is quenched, lower plot). The directionality
effect does not contribute to the fluorescence signal averaged over a hemisphere of solid angles.
Therefore, by estimating the average over a hemisphere, we can extract the contribution of
excitation enhancement and quantum yield enhancement. The average enhancement K 2π can
be estimated from 2π K 2π = K 1 α1 + K 12 (α2 − α1 ) + · · · + K nn−1 (αn − αn−1 ). Using just the two
first terms would give 2.5 for the average enhancement. If one applies a more realistic, smooth
dependence as is shown in figure 7, the average enhancement K 2π is about 3 or 4 depending on
whether the upper or lower plot is selected. This estimate gives a factor of 2 for the lower bound
of the quantum yield enhancement since the absorption enhancement is about 1.5–1.7.
In general, the measured fluorescence lifetime is defined as τo = (0r + γnr )−1 with a
radiative decay rate 0r and a nonradiative decay rate γnr . The quantum yield is defined as
Q o = 0r /(0r + γnr ). Obviously 0r  γnr if Q o  1, which is the case for Rh800 in a TEOS
film. It follows from these formulae and the experimental result of a factor of three decrease
in lifetime that the radiative decay rate is increased approximately by a factor of 6 and the
nonradiative by a factor of 3 in the antenna–dye system.
In summary, we have studied the electric field enhancements afforded by the dimer
nanoantenna configuration and how they can be exploited for enhancing the emission of a
localized fluorescent dye. Gold elliptical dimers form the basis for optical nanoantennae that
are tunable in the visible and near-infrared as a function of geometry, gap and host material
choice. Emission and absorption of dye molecules (Rh800) are coupled to the nanoantenna
system, and the nanoantenna system selectively enhances the fluorescence emission depending
upon overlap of the plasmon resonance and the excitation wavelength and emission band.
Simulations show that the electric field intensity is highly localized around the edges of the
elliptical nanoantennae with the maximum intensity in the antenna gap; as the antenna gap is
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decreased, the average field intensity localized around the optical nanoantenna increases. When
a fluorescent dye embedded in a host dielectric matrix is placed around the antenna array, it
interacts with the dipolar plasmon mode of the nanoantennae, and EF is observed. The level of
fluorescence enhancement depends on the spectral overlap between the LSPR mode and the dye
absorption and emission along with the local field enhancement properties of the nanoantennae.
As the antenna gap is decreased, an increase in fluorescence emission is observed. When the dye
interacts with the nanoantennae, a reduced fluorescence lifetime is observed. The sample region
with nanoantennae shows a double exponential decay when fitting the fluorescence lifetimes,
indicating that molecules interacting with the nanoantennae exhibit a shorter decay time. With
a dielectric thickness of 85 nm, there are also molecules that do not interact much with the
antennae and exhibit a decay time similar to the reference signal measured away from any
antennae. A strong emission directionality effect has been observed by varying the acceptance
angle of the collection objective while maintaining the same magnification. In a representative
sample, the spectrally averaged fluorescence signal collected by a 50× magnification objective
with NA = 0.45 is increased by factor of 30 due to the presence of the Au nanoantenna array.
In part, the observed enhancement is a result of the increased absorption at the excitation
wavelength, giving an average factor of about 1.5–1.7 over the dye film volume (figure 2(d)).
An estimate for a hemisphere-averaged enhancement leads to a quantum yield enhancement
lower bound of about 2. The remaining contribution (roughly, by a factor of 10) to the observed
30-fold spectrally averaged enhancement originates from the antenna-induced directionality of
emission. The quantum yield for Rh800 in a TEOS matrix is measured to be about Q ≈ 0.03 and
is much lower than the value in ethanol (0.21). Fluorescence lifetime (τ ) measurements show
that the excitation of the dye interacting with the nanoantenna decays at a rate three times faster
than dye away from the nanoantenna. This lifetime decrease is mainly due to a 3-fold increase
in the nonradiative decay rate γnr . Consequently, the radiative decay rate 0r = Q/τ is increased
by a factor of about 6. The plasmon-enhanced emission shows strong polarization preferences,
forcing fluorophore emission toward the X-axis of the antenna geometry. Emission polarized
along the Y-axis exhibits significantly less enhancement, and the spectral shape for the emission
from the nanoantennae is the same for all geometries along with the reference emission.
We have studied a nanoantenna–emitter system that can be tailored to suit the needs of
device designers. The ability to engineer the emission properties of a nanoantenna–emitter
system will prove useful for future device applications.
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